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1.1.1 

1.1.2 

𝑛 =
𝑐

𝑣



𝑛∗ = 𝑛 − 𝑖𝑘   avec   𝑘 =
𝛼𝜆

4𝜋

 𝛼 𝜆

𝜆

𝑛𝑔 =
𝑐

𝑣𝑔

= 𝑐
𝑑𝑘

𝑑𝜔
=

dωn(ω)

𝑑𝜔
= 𝑛(𝜔) + 𝜔

𝑑𝑛(𝜔)

𝑑𝜔
  

𝑛2(𝜆) = 𝐴 +
𝐵

𝜆2
+

𝐶

𝜆4
+ ⋯

𝑛2(𝜆) = 1 +
𝐵1𝜆

2

𝜆2 − 𝐶1

+
𝐵2𝜆

2

𝜆2 − 𝐶2

+
𝐵3𝜆

2

𝜆2 − 𝐶3

𝐵1,2,3 𝐶1,2,3

1.1.3 



𝐷𝑚 = −
𝜆

𝑐

𝑑²𝑛

𝑑𝜆²

𝜆 𝑛

1.1.4 

 

ℎ𝜈

𝜈 = 𝑐 𝜆⁄

𝜆0 = ℎ𝑐/𝐸𝑔



α

𝛼𝑈𝑉(𝜆) = 𝛼0𝑒
𝛽.𝜆 𝛼0 𝛽 > 0

𝜆0(𝑠𝑖𝑙𝑖𝑐𝑒) = 151 𝑛𝑚 𝜆0(𝑡𝑒𝑙𝑙𝑢𝑟𝑖𝑡𝑒) = 414 𝑛𝑚

 

𝑚𝑥

𝑣 =
1

2𝜋
√

𝑘

𝜇
  𝑎𝑣𝑒𝑐  

1

𝜇
= ∑

1

𝑚𝑥
𝑥≥1

𝛼𝐼𝑅(𝜆) = 𝛼1𝑒
−𝛾

𝜆⁄ 𝛼1 𝛾 > 0



1.1.5 

 

1 𝜆4).⁄

 



1 𝜆2).⁄

 

√2

𝑑𝑅 =
𝑘.𝜔0

2

2
=

𝜋. 𝑛0. 𝜔0
2

𝜆0

𝜔0 𝜆0 𝑛0

𝑘 ≡ 𝑛0𝑘0  𝑘0 ≡ 2𝜋 𝜆0⁄

𝑛1 =

1.46 𝑛2 = 2.2

𝜔0 = 100 µ𝑚 𝜆0 = 1.55µ𝑚 𝑑𝑅1
= 3 𝑐𝑚  𝑑𝑅2

= 4.5 𝑐𝑚

 

1.2.1 



 

 



𝑠𝑖𝑛𝜃𝑚𝑎𝑥 = √𝑛𝑐𝑜𝑒𝑢𝑟
2 − 𝑛𝑔𝑎𝑖𝑛𝑒

2 = 𝑂𝑁

𝜃𝑚𝑎𝑥

𝑛0 𝑛1

𝑟 = (
𝑛1 − 𝑛0

𝑛1 + 𝑛0

)
2

𝑟 𝑛0 = 1

𝑛1 = 𝑛2 =



 

𝑉 =
2𝜋

𝜆
𝑎√𝑛𝑐𝑜𝑒𝑢𝑟

2 − 𝑛𝑔𝑎𝑖𝑛𝑒
2

𝑎 𝜆

𝑁 ≈
𝑉2

2
      (𝑉 ≫ 1)

1.2.2 

 



 

 (𝐷𝑚). 

 (𝐷𝑔)

𝐷 = 𝐷𝑚 + 𝐷𝑔

 𝑛𝑐𝑜𝑒𝑢𝑟 = 1.46  𝑛𝑔𝑎𝑖𝑛𝑒 = 1.455

𝐷 =
𝜕𝛽1

𝜕𝜆
= −

2𝜋𝑐

𝜆2
𝛽2

𝛽(𝜔) = 𝑛𝑒𝑓𝑓(𝜔)
𝜔

𝑐
= 𝛽0 + 𝛽1(𝜔 − 𝜔0) +

1

2
𝛽2(𝜔 − 𝜔0)

2 + ⋯

𝜔0

𝛽𝑚

𝛽𝑚 = (
𝜕𝑚𝛽(𝜔)

𝜕𝜔𝑚
)
𝜔=𝜔0

        (𝑚 = 0,1,2, … )

𝛽1 𝛽2 

𝑛𝑒𝑓𝑓(𝜔)



𝛽1 =
1

𝑣𝑔

=
𝑛𝑔

𝑐
=

1

𝑐
(𝑛𝑒𝑓𝑓 + 𝜔

𝑑𝑛𝑒𝑓𝑓

𝑑𝜔
)

𝛽2 =
1

𝑐
(2

𝑑𝑛𝑒𝑓𝑓

𝑑𝜔
+ 𝜔

𝑑²𝑛𝑒𝑓𝑓

𝑑𝜔²
)

𝑛𝑔 𝑣𝑔

 𝑣𝑔 𝛽2

𝛽𝑚

𝐿𝐷 

𝐿𝐷 =
𝑇0

2

|𝛽2|

𝑇0 

1.2.3 

 



 

α

𝛼(𝜆) = −
10

𝐿
log (

𝑃𝑡

𝑃0

)

𝑃0 𝑃𝑡 𝐿



 

1.3.1 

- 

- 



1.3.2 

𝑛𝑔𝑒𝑓𝑓

𝑛𝑐 − 𝑛𝑔𝑒𝑓𝑓  

β

𝑘. 𝑛𝑔𝑒𝑓𝑓 < 𝛽 < 𝑘. 𝑛𝑐

𝑘𝑛𝑔𝑒𝑓𝑓 𝑘𝑛𝑐



1.3.3 

𝑛𝑒𝑓𝑓)

𝛼𝑐𝑜𝑛𝑓 =
40𝜋. ℑ(𝑛𝑒𝑓𝑓). 106

𝜆. ln (10)

𝜆 𝛼𝑐𝑜𝑛𝑓  

1.3.4  



d)

 

1.4.1 



1.4.2 



1.4.3 



 

 

2.1.1 

 𝑣𝑔 

𝜕𝑧𝜀̃ = 𝑖(𝑘𝑧 − 𝜔 𝑣𝑔⁄ )𝜀̃ +
1

2𝑘𝑧

(
𝑖𝜔²

𝑐²
𝑃̃𝑁𝐿 −

𝜔

𝜀0𝑐²
𝐽) −

𝑊(𝐼)

2𝐼
𝜌𝑎𝑡𝑈𝑖𝜀̃



𝑘𝑧 = √𝑘2(𝜔) − 𝑘⊥
2    𝑘⊥ 

𝑃̃𝑁𝐿 𝐽

𝑊(𝐼) 𝑈𝑖  𝜌𝑎𝑡  

𝑃̃𝑁𝐿 = ∑𝑛2𝑗|𝜀|
2𝑗𝜀̃

𝑛2 

𝐽 =
𝑒²

𝑚𝑒

𝑣𝑒 + 𝑖𝜔

𝑣𝑒
2 + 𝜔²

𝜌𝜀̃

𝑣𝑒  𝑒 𝜌 

𝑚𝑒  𝜌

𝜕𝑡𝜌 =
𝜎

𝑈𝑖

𝜌𝐼 + 𝑊(𝐼)(𝜌𝑎𝑡 − 𝜌)

𝜎 

2.1.2 

 

 𝑃⃗ 𝑁𝐿  

𝑃⃗ 𝑁𝐿 = 𝜀0𝜒
(3)|𝐸⃗ |

2
𝐸⃗        𝑜ù        𝜒(3) =

4𝜀0𝑐𝑛2𝑛0
2

3

𝜒(3) 



𝑛 = 𝑛0 + 𝑛2𝐼

𝑛0 𝑛2

𝑛2 =
3

8𝑛0

ℜ(𝜒(3))

 

𝐿 

∆𝜙𝑆𝑃𝑀 = 𝑛𝑘0𝐿 = (𝑛0 + 𝑛2𝐼)𝑘0𝐿

𝑘0 = 2𝜋 𝜆0⁄ 𝜆0 

∆𝜙𝑁𝐿 = 𝑛2𝐼𝑘0𝐿

𝛿𝜔(𝑡) = −
𝛿∆𝜙𝑁𝐿

𝛿𝑡

𝜔0 



 

𝑛(1) = 2𝑛2𝐼
(2)

𝑛(1) 𝐼(2) 𝑛2

∆𝜙𝑋𝑃𝑀 = 2𝑛2𝐼
(2)𝑘0𝐿 = 𝑛(1)𝑘0𝐿

 

𝜔1 𝜔2 

𝜔3 𝜔4

𝜔3 = 2𝜔1 − 𝜔2      et      𝜔4 = 2𝜔2 − 𝜔1

 𝜔1 = 𝜔2

 



- ν

ν

- 

ν

𝑔𝑅(𝛺) 𝛺 = 𝜈𝑝 −

𝜈𝑠/𝑎𝑠 

ℎ̃𝑅(𝛺)

𝑔𝑅𝐺(𝛺) =
3𝜔0

4𝑐𝑛
𝑓𝑅𝜒

(3)ℑ[ℎ̃𝑅(𝛺)]



 85%𝑇𝑒𝑂2 −

15%𝑊𝑂3

 

2.2.1 



2.2.2 

2.2.3 

 

 𝑛0

𝑃𝑐𝑟𝑖𝑡 =
3,72𝜆

2

8𝜋𝑛0𝑛2



𝜆

𝐿𝐴𝐹  

𝐿𝐴𝐹 =
0,367𝑑𝑅

√[(
𝑃𝑖𝑛

𝑃𝑐𝑟𝑖𝑡
⁄ )

1/2

− 0,852]
2

− 0,0219

𝑑𝑅  

 

𝑛 ≅ 𝑛0 −
𝜌(𝑟 , 𝑡)

2𝜌𝑐

    avec    𝜌𝑐 =
𝜀0𝑚𝑒

𝑒²
𝜔0

2

𝜌 𝜌𝑐

𝜔0, 𝜀0

𝑚𝑒

2.2.4 

 



 

 



 



 

2.3.1 

𝑘𝑧 ≈ 𝑘(𝜔) −
𝑘⊥

2𝑘(𝜔)
 𝑘(𝜔) ≈ 𝑘0 + 𝑘′𝜔 +

𝑘"

2
𝜔²

𝑃̃𝑁𝐿   𝐽 

𝜕𝑧𝐴̃ = 𝑖
𝑘"

2
𝜔2𝐴̃ − 𝑖 (1 −

𝑘′

𝑘0

𝜔)
𝑘⊥

2

2𝑘0

𝐴̃ + 𝑖𝑘0 (1 +
𝑘′

𝑘0

𝜔) 𝑃̃𝑁𝐿 − (1 −
𝑘′

𝑘0

𝜔)
𝑖𝑘0

2𝑛0
2𝜌𝑐

𝜌𝐴̃

−
𝜎

2
𝜌𝐴̃  

𝜎 ≈ 𝜎(𝜔0)

𝜕𝑧𝐴 = −𝑖
𝑘"

2
𝜕𝑡

2𝐴 + 𝑖𝑇
∆⊥

2𝑘0

𝐴 + 𝑖𝑇𝑘0𝑃̃𝑁𝐿 − 𝑇−1
𝑖𝑘0

2𝑛0
2𝜌𝑐

𝜌𝐴 −
𝜎

2
𝜌𝐴 

𝜌𝑐 =
𝜀0𝑚𝑒𝜔0

2

𝑒2  𝑇 = 1 +
𝑖

𝜔0
𝜕𝑡 .



𝜕𝐴

𝜕𝑧
+

𝛼

2
𝐴 + ∑

𝑖𝑛+1

𝑛!
𝑛≥2

𝛽𝑛

𝜕𝑛𝐴

𝜕𝑡𝑛
= 𝑖𝛾𝑇 (𝐴∫ 𝑅(𝑡 − 𝑡′)|𝐴(𝑡′)|2𝑑𝑡′

∞

−∞

)

 𝛼 𝛾. 

 𝛽𝑛  

𝛼 

 𝛽

 𝛾  𝑇 = 1 + 𝑖𝜏𝑐ℎ𝑜𝑐 𝜕 𝜕𝑡⁄

 𝑅(𝑇′) = (1 − 𝑓𝑅)𝛿(𝑇′) + 𝑓𝑅ℎ𝑅(𝑇′) 𝑓𝑅 ℎ𝑅

2.3.2 

 

𝜏𝑐ℎ𝑜𝑐 =
1

𝜔0

𝜔0 



𝜏𝑐ℎ𝑜𝑐 = 𝜏0 +
𝑑

𝑑𝜔
[ln 

1

𝑛𝑒𝑓𝑓(𝜔)𝐴𝑒𝑓𝑓(𝜔)
]
𝜔0

𝐴𝑒𝑓𝑓(𝜔) 

𝐹̃(𝑥, 𝑦, 𝜔)

𝐴𝑒𝑓𝑓(𝜔) =
(∬ |𝐹̃(𝑥, 𝑦, 𝜔)|

2
𝑑𝑥𝑑𝑦

+∞

−∞
)
2

∬ |𝐹̃(𝑥, 𝑦, 𝜔)|
4
𝑑𝑥𝑑𝑦

+∞

−∞

𝜏𝑐ℎ𝑜𝑐 = 𝜏0 − {
𝑑

𝑑𝜔
[ln 𝐴𝑒𝑓𝑓(𝜔)]}

𝜔0

𝜏0 = 1 𝜔0⁄  

𝜏𝑐ℎ𝑜𝑐  

𝜏𝑐ℎ𝑜𝑐 = 𝜏0 = 1 𝜔0⁄ .

 

𝑇0 𝐿𝐷 𝐿𝑁𝐿 

𝑁2 =
𝐿𝐷

𝐿𝑁𝐿

=
𝛾𝑃0𝑇0

2

|𝛽2|

𝐿𝑁𝐿  



𝐿𝑁𝐿 =
1

𝛾𝑃0

𝑃0 𝛾

𝛾(𝜔0) =
𝜔0𝑛2

𝑐𝐴𝑒𝑓𝑓(𝜔0)

𝜔0 

𝑛2, 𝐴𝑒𝑓𝑓

𝛾 𝛽2

2.3.3 

 

 



 



 

 

𝐿𝑓𝑖𝑠𝑠

𝐿𝑓𝑖𝑠𝑠 =
𝑇0

2

|𝛽2|𝑁

𝑃𝑗 = 𝑃0

(2𝑁 − 2𝑗 + 1)²

𝑁²

𝑇𝑗 =
𝑇0

2𝑁 − 2𝑗 + 1



 

𝜈𝑅

𝑑𝜈𝑅

𝑑𝑧
∝

|𝛽2|

𝑇0
4

 

𝑃𝑠

 𝜔𝑠 𝜔𝐷𝑊



𝛽(𝜔𝑠) − 
𝜔𝑠

𝜈𝑔,𝑠

+ (1 − 𝑓𝑅)𝛾𝑃𝑠 = 𝛽(𝜔𝐷𝑊) −
𝜔𝐷𝑊

𝜈𝑔,𝑠

𝜈𝑔,𝑠  𝜔𝑠 𝛽

 

 

𝐿𝑓𝑖𝑠𝑠  



 

 





 













μ

μ





 



 𝑛𝑐𝑜𝑒𝑢𝑟 = 1.46  𝑛𝑔𝑎𝑖𝑛𝑒 = 1.455

 85%𝑇𝑒𝑂2 −

15%𝑊𝑂3









 





 

- 

- 

- 

 



- 

- 

- 

∆𝑇 =

𝑇𝑐 − 𝑇𝑔

∆𝑇 > 100°𝐶

𝑇𝑔

𝑇𝑐



 

1.2.1 

- ∆𝑇 > 100°𝐶

- 

- 

𝑍𝑛𝑂 𝑁𝑎2𝑂

 𝑇𝑒𝑂2 𝑍𝑛𝑂 𝑁𝑎2𝑂

∆𝑇

1.2.2 

 𝑛2

 𝑛2



𝑛 𝑛2

𝑛 𝑛2



1.2.3 

80% 𝑇𝑒𝑂2 − 10% 𝑍𝑛𝑂 − 10% 𝑁𝑎2𝑂

𝑍𝑛𝐹2

𝑍𝑛𝐹2

∆𝑇 𝑍𝑛𝐹2

75% 𝑇𝑒𝑂2 −

15% 𝑍𝑛𝑂 − 5% 𝑍𝑛𝐹2 − 5% 𝑁𝑎2𝑂

80% 𝑇𝑒𝑂2 − 10% 𝑍𝑛𝑂 − 10% 𝑁𝑎2𝑂



𝑍𝑛𝐹2

 𝑍𝑛𝐹2

𝑍𝑛𝐹2

 



 75% 𝑇𝑒𝑂2 −

15% 𝑍𝑛𝑂 − 5% 𝑍𝑛𝐹2 − 5% 𝑁𝑎2𝑂



 

 



 

𝑇𝑔



 

 𝑇𝑔

 



 

𝑣𝑡𝑎𝑚𝑏

𝑣𝑝𝑙𝑎𝑡

𝑣𝑝𝑙𝑎𝑡

𝑣𝑡𝑎𝑚𝑏

𝐷𝑓𝑖𝑏𝑟𝑒   𝑣𝑝𝑙𝑎𝑡 𝑣𝑡𝑎𝑚𝑏

𝐷𝑝𝑟𝑒𝑓  

𝐷𝑝𝑟𝑒𝑓
2. 𝑣𝑝𝑙𝑎𝑡 = 𝐷𝑓𝑖𝑏𝑟𝑒

2. 𝑣𝑡𝑎𝑚𝑏





𝛼 =
10

𝐿0 − 𝐿
. log (

𝑃𝑠0

𝑃𝑠

)

𝐿0 𝐿 𝑃𝑠0

𝑃𝑠



 

 

 







 



 



Он









𝑛 𝑛2

80% 𝑇𝑒𝑂2 − 10% 𝑍𝑛𝑂 − 10% 𝑁𝑎2𝑂

𝑍𝑛𝐹2













 

75Te𝑂2 − 15𝑍𝑛𝑂 − 5𝑁𝑎2𝑂 −

5𝐿𝑎2𝑂3



 

 

80Te𝑂2 −

10𝑍𝑛𝑂 − 10𝑁𝑎2𝑂

θ



 





 





 

𝑆(𝜏) ∝ 1 + 2𝐺2(𝜏) + 4ℜ𝑒[𝐹1(𝜏) exp(−𝑖𝜔0𝜏)] + ℜ𝑒[𝐹2(𝜏) exp(−2𝑖𝜔0𝜏)]

𝜏 𝜔0

 𝐺2  𝐹1  𝐹2 





 









  



 



 



 

 





 



𝐿𝑖=1−5

𝐿1−5 = 17.5, 55, 5, 5 17.5 Ø𝑐𝑜𝑒𝑢𝑟 𝑤𝑎𝑖𝑠𝑡 𝐿1−5 = 17.5, 5, 55, 5 17.5

Ø𝑐𝑜𝑒𝑢𝑟 𝑤𝑎𝑖𝑠𝑡  𝐿1−5 = 17.5, 5, 5, 55 17.5 Ø𝑐𝑜𝑒𝑢𝑟 𝑤𝑎𝑖𝑠𝑡  𝐿1−5 =

17, 22, 22, 22 17 Ø𝑐𝑜𝑒𝑢𝑟 𝑤𝑎𝑖𝑠𝑡 𝐿1−5 = 17.5, 55, 5, 5 17.5 Ø𝑐𝑜𝑒𝑢𝑟 𝑤𝑎𝑖𝑠𝑡



𝐿1−5 = 17.5, 55, 5, 5 17.5 Ø𝑐𝑜𝑒𝑢𝑟 𝑤𝑎𝑖𝑠𝑡

 



 

 



 

3.2.1 

 

 75% 𝑇𝑒𝑂2 − 15% 𝑍𝑛𝑂 − 5% 𝑍𝑛𝐹2 − 5% 𝑁𝑎2𝑂



 



- 

- 

- 

3.2.2 
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μ



μ

μ

μ



𝐿𝑖 = 1 − 5

𝐿1 − 5 =

17.5, 55, 5, 5 17.5 Ø𝑐𝑜𝑒𝑢𝑟 𝑤𝑎𝑖𝑠𝑡 𝐿1 − 5 = 17.5, 5, 55, 5 17.5

Ø𝑐𝑜𝑒𝑢𝑟 𝑤𝑎𝑖𝑠𝑡  𝐿1 − 5 = 17.5, 5, 5, 55 17.5 Ø𝑐𝑜𝑒𝑢𝑟 𝑤𝑎𝑖𝑠𝑡  𝐿1 − 5 =

17, 22, 22, 22 17 Ø𝑐𝑜𝑒𝑢𝑟 𝑤𝑎𝑖𝑠𝑡 𝐿1 − 5 = 17.5, 55, 5, 5 17.5

Ø𝑐𝑜𝑒𝑢𝑟 𝑤𝑎𝑖𝑠𝑡 𝐿1 − 5 = 17.5, 55, 5, 5 17.5 Ø𝑐𝑜𝑒𝑢𝑟 𝑤𝑎𝑖𝑠𝑡
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80Te𝑂2 − 10𝑍𝑛𝑂 − 10𝑁𝑎2𝑂 60Te𝑂2 −

20𝑁𝑎2𝑂 − 15 𝐺𝑛𝑆𝑒 − 5𝑍𝑛𝑂 80Te𝑂2 − 10𝑍𝑛𝑂 − 10𝑁𝑎2𝑂





 





 





 



 



 













 

 

 

 



Sensors, 2014 IEEE (pp. 891-894)




